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the sky is the limit 
Roy Szweda, Associate Editor 
Crystal growth is the foundation of the semiconductor industry for without the breakthroughs in crystal pu- 
rification back in the 1950s we would likely still be relying on vacuum tube electronics rather than transistors 
and ICs. The latest developments include developments seeking to improve the starting materials for GaN 
and efforts to exploit the final frontier, space. 
C 
rystal growth continues to 
be a driving force in the cre- 
ation of new devices. The 
mainstream silicon industry is rely- 
inlg on ‘larger Blamezer C~~SGIIS ‘lur 
improved manufacturing of logic 
devices and solar cells, while in 
111-5’S t&K refinemen< Of C1K 4X& 
growth process continues with 
larger and hcdvier GaAs and InP 
crystals for better wafer yields and 
low-erphces. &It .smzrc? cl fh? mvsr 
intr@ring wwk i5 being done nu1 
in Earth-bound laboratories but in 
orbit. 
Blue emitters 
If there is an anomaly in the histor- 
ical route from crystal growth to 
beAa3 ‘l-l ‘15 ela1 6% ‘time zm3s anh 
lasers. As we await the first com- 
mercial samples of blue lasers, this 
re+~ikdized a-a Ec3r m-a’ <q3R3 de- 
vices is being built on the het- 
eroepitaxial growth of GdN on 
sapphire and SK: crystal wafers. 
alh- PK>D %rm- a hum7l~Yljlr5TE~~ 
wouiei be -pTdrned. Li?lxxa~~>Ti~ 
around the world are striving to 
deveIop reproducible processes 
Figure I. The WSF Free-Flyer is a 3.65 m diameter stainless steel disk that, while traveling in 
on’dir a1 qqoroxlma%y 2% %XJ ‘@n, &iv55 kn ‘ki wzke au3WWri ‘CW& t^u 3% UW ‘biW3 W&i 
than the besf vacuums current/y achieved on Earth. While it is carried into orbit by the Space 
Shuttle, the WSF is a fully equipped spacecraft in ifs own right, wifh cold gas propulsion for 
S&$??&whLJ. ew7. ff&z aTm33 ~aTd-?I cmxm3fliKCC &ix rntiz& m?mi?Tl’S~.~~.~. skfffL?&n~e~&-~~ 
stored in Ag-Zn bafferies (and supplemented in future flights by solar pane/s), is available to 
prowei the MBEIChemica5 Beam Epi\aq y0rDwth ce\\s, subs%ate hea%% process controb, 
and a sophisticated array of characterization devices. (Courtesy of NASA.) 
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for making III-nitride crystals to 
provide commercially useful 
wafers for improved opto and elec- 
tronic devices. 
Tne n33zh 5or X& cry*& ‘1s 
not always appreciated, but is reaf- 
firmed by the latest processes de- 
adq?ed by Dr Sk<jji Nakamura 
at Nichia Chemical Industries. 
Nakamura continues to use sap- 
phire wafers, but removes the bulk 
~~~~~~rnzh~~~~~f'~~~~~~~~3r~~~l~~~ 
III-nitride s&stratr (see I2Y-tk 
Rtwiew, Vol 11, No.1, page 10). 
These are the lengths people are 
having to go to in order to perfect 
the blue laser.This said, it should al- 
so not be forgotten that the high 
quality crystalline sapphire wafers 
from LJnion Carbide et al. have 
played a key role in the renais- 
sance of blue emitter devices. 
As we have reported previously 
in this magazine, the development 
of III-nitride crystals is making 
steady progress in several groupsAt 
the forefront is Unipress at the 
University of Warsaw, which recent- 
ly played host to the ‘Third 
European GaN Workshop’.There, 
members of IJnipress gave talks on 
pressure grown <;aN substrates and 
progress towards devices in ho- 
moepitaxial growth on single crys- 
tal substrates using nitride epitaxy 
on single crystals of GaN grown at 
‘2.!.@ h@lXN2~.k ~ESJ.l.rC. 
It is by no coincidence that the 
growth of wide bandgap semicon- 
Cluctors reqiiires GgniTicant tech- 
tx~b@xl prowess. Not the least of 
the problems is the matter of deal- 
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ing with the combination of ex- 
treme temperature and pressure 
regimes. This mandates expensive 
equipment with some special engi- 
neering solutions being developed 
to cope with these requirements. 
The III-Vs industry, of course, is 
no stranger to such engineering 
challenges. Indeed, it has a history 
of careful progress and the past 
30 years have seen steady mile- 
stones being chalked up. This has 
led to the development of a practi- 
cal commercial supply of a range 
of III-V crystals. It is set within this 
context that crystal growers can 
make their designs for the neces- 
sary growth equipment for the 
next challenge, that of making 
wide bandgap materials routinely 
and on a commercial basis. 
It should also be remembered 
that the problems and dilemmas 
that will be encountered will be 
limited to the obvious technical 
challenges. For example, one of the 
earliest successful III-V materials 
was GaF which, of course, is still a 
valuable commercial semiconduc- 
tor produced in many tonnes per 
annum for one of the simplest 
optoelectronic components, the 
LED. There are now, however, very 
few commercial suppliers of this 
material. While there are over 20 
wafer companies worldwide, only 
Sumitomo Metal Mining (SMM) of 
Tokyo,Japan - and to a much less- 
er extent Atramet of Farmingdale, 
New York, USA - can be counted as 
commercial GaP suppliers. SMM ef- 
fectively controls the market even 
though other companies have con- 
templated entry or re-entry into 
the GaP business. 
Within this scenario there is 
something of a cautionary prece- 
dent for other crystal growth- 
based companies. Firstly, GaP 
requires extensive technological 
expertise to produce a competi- 
tively priced final product for the 
intensively price sensitive LED in- 
dustry which is used to selling 
LED die for fractions of cents, al- 
beit in their millions per annum. 
Prospective manufacturers of 
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Larger InP ingot increases 
yield, lowers cost 
Wafer Technology has Intro- 
duced larger InP Ingots which 
enables the Milton Keynes, UK, 
based company to supply more 
wtiers per ingot. “The new high- 
er capacity, higher yield process 
can yield 250 wafers per ingot,” 
says Wafer Technology’s sales & 
marketing director, Karen Lamb. 
“This means we can now offer 
considerable improvements in 
the price competitiveness of InP 
products. We. can do this be- 
cause the new process needs 
lower consumables costs and al- 
so reduces loss from mechanical 
shaping.” Lamb says the larger 
number of wafers per ingot also 
reduces the time and effort 
spent on characterization. 
Wafer Technology has high- 
lighted its commitment to InP 
wafer manufacture with the 
purchase of two additional 
high pressure crystal pullers, 
increasing the total installation 
of these machines to 11. 
“Everyone wins with this new 
process’, Iamb emphasizes. 
“The cost savings resulting 
from producing the material 
are already being passed on to 
customers in the form of lower 
wafer prices, the larger ingot 
sizes mean the end users can 
spend less time and money on 
batch assessment and the in- 
crease in our growth capacity 
has enabled us to reduce deliv- 
ery lead times.” 
Figure 2. Wafar Techology’s longer ingot produces the same number of s&es as four 
of the standard ingots. 
wide bandgap semiconductor Thus, GaP will likely seldom 
crystals share the technological make the headlines but just keep 
challenges of Gal? The current soldiering on as a workhorse mate- 
commercial position of this pre- rial for countless more millions of 
mier optoelectronic material may humble LEDs.That is unless the fac- 
also sound a cautionary note to tory meets with some catastrophe, 
anyone hoping to build a strong whereupon the electronics indus- 
commercial future from SiC or try will once again go into one of 
GaN crystals. its paroxysms of doubt and recrim- 
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ination comparable to that be- 
falling it some years ago when a 
Sumitomo resins factory was hit by 
a fire. Just as with GaP the supply 
of one of the world’s bedrock elec- 
tronic materials was in the hands 
of a single manufacturer. 
Consolidation and the need to 
make a decent, if often small, profit 
is denied the providers who have 
little choice but to exit the busi- 
ness one by one until demand is 
met by just one supplier. 
Title III 
It was with the intention to cir- 
cumvent - or at least ameliorate - 
such hazards that the US govern- 
ment set up the Title III Program 
some years ago. 
Prior to Title III, US wafer sup- 
pliers reputedly accounted for less 
than 25% of sales of SI GaAs sub 
strates worldwide, but thanks to 
the project they now dominate the 
market with an estimated com- 
bined share of more than 60%. 
Sales of GaAs wafers by the three 
Title III contractors are now more 
than five times their 1994 level. 
The dollar value of these sales has 
more than tripled over the life of 
the Title III project, even though 
the average wafer price has de- 
clined by more than one third. 
Production capacity of the three 
domestic producers has increased 
by more than 300% and produc- 
tion yields have more than dou- 
bled over this period as well. 
Finding considerable success for 
the lucky few companies who par- 
ticipated in the Title III GaAs 
Program, attention has now turned 
to another phosphide, InI? Realizing 
that it was seriously deficient in all 
phosphides, the US government de- 
cided it would be a good idea to 
sponsor its native III-V (i.e. GaAs) 
suppliers to get tooled up to pro 
vide another strategically important 
material, InI? 
The US Air Force, through the 
former Wright Laboratory at 
Wright-Patterson Air Force Base 
(now part of the Air Force 
Research Laboratory), has awarded 
contracts to American Xtal 
Technology (AXT) (Fremont, CA) 
and M/A-COM (Lowell, MA) for the 
development of InP under Title III 
of the Defense Production Act. 
These contracts, which have a total 
value of US$7.9 million (including 
cost sharing contributions from 
the companies), are intended to 
help improve the “availability of 
high-quality, large surface area SI 
InP substrates”. The primary focus 
will be on producing less expen- 
sive 3-in InP wafers of more consis- 
tent quality, but the programme 
will also look ahead to the produc- 
tion of 4” InP wafers. 
The development of InP crystals 
and larger, cheaper wafers is by 
no means the exclusive preserve of 
US companies. At the ‘Indium 
Phosphide and Related Materials 
(IPRM98)’ conference in Tsukuba, 
Japan, in May there continued to be 
much discussion on the commer- 
cial progress of InP even though the 
preponderance of papers con- 
cerned devices rather than crystal 
growth. Japan Energy (Tokyo, 
Japan) was among the few compa- 
nies giving presentations on crystal 
growth. It gave two papers, the first 
covering the growth of 100 mm di- 
ameter InP single crystals by the 
vertical gradient freezing (VGF) 
method and the second examining 
Fe doping and preparation of SI InP 
by Wafer Annealing. Both papers 
(see box) illustrate the emphasis be- 
ing placed on the development of 
practicable commercial manufac- 
ture of SI InP as required for higher 
performance electronic and opto- 
electronic devices. This is taking 
some time to achieve because un- 
like SI GaAs, which is to all intents 
‘undoped’, InP requires doping with 
iron to render it SI. Unfortunately, 
most of the crystal growth methods 
used up to now result in non-unifor- 
mities in the distribution of the 
dopant with consequent impaired 
performance of devices fabricated 
upon SI InP wafers. Refinement of 
these techniques is being pursued 
not only by Japan Energy, but also 
by other Japanese companies such 
as Sumitomo Electric Industries 
(hami, Japan), and European compa- 
nies Wafer Technology (Milton 
Keynes, UK - see Figure 2) and 
InPact (Moutiers, France), as well as 
AXT, Crysta Comm (Mountain View, 
CA) and M/A-COM in the USA. 
Crystals in space 
Readers will no doubt be familiar 
with the extraordinary Wake Shield 
Facility (WSF), whose inception 
dates back to 1989 and which 
made its first flight in February 
1994. In what appears almost like 
science fiction, the programme’s 
researchers built a crystal growth 
experiment weighing two tonnes 
and persuaded National Aeronautics 
and Space Administration (NASA) 
to provide a decent vacuum for it 
by flying the equipment into orbit 
aboard the Space Shuttle. 
The WSF (Figure 1) was con- 
ceived and built by the Space 
Vacuum Epitaxy Center (SVEC) at 
the University of Houston and by 
Space Industries, Inc of League City, 
TX. As a NASA Center for 
the Commercial Development of 
Space, SVEC’s goal is to increase pri- 
vate sector involvement and invest- 
ment in commercial, space-related 
activities. Together, SVEC and Space 
Industries designed, built and inte- 
grated the WSF for approximately 
one-sixth of the cost that would 
have been incurred under tradition- 
al aerospace hardware develop 
ment programmes. The WSF’s first 
free flight (WSF-02) was on mission 
ST!+69 in September 1995. WSF-02 
produced the purest ever AlGaAs in 
a vacuum greater than lo-l2 Tort-, 
created while flying 30 miles 
behind the Space Shuttle 
‘Endeavour’ 
With the proof-of-concept 
phase of the WSF programme 
completed, greater industrial in- 
volvement began with the sale of 
the WSF to SPACEHAB (Vienna, 
VA, USA) back in May which has 
acquired the rights to WSF and re- 
lated science research technolo- 
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VGF comes to the fore in InP development 
Japan Energy’s researchers have 
great experience in the develop- 
ment of wafer materials for a 
wide range of applications. The 
company is now examining 
VGF, a long-established process 
which is currently enjoying a re- 
naissance in GaAs, for the 
preparation of InI? 
The shortcomings of the liq- 
uid encapsulated Czochralski 
(LEC) process make it essential 
to try to develop alternative 
crystal growth methods. VGF 
has a particular attraction to the 
preparation of 100 mm diame- 
ter InP wafers because it has 
been shown to provide lower 
dislocation density crystals. The 
wafers can, therefore, have su- 
perior qualities both from a me- 
chanical and device point of 
view. 
Japan Energy has tackled the 
main drawback of the VGF 
method- with a new high pres- 
sure furnace having six zone 
heaters. In addition, computer 
simulation of growth has en- 
abled the reduction of tempera- 
ture fluctuations within the 
ampoule. Using the method, 
twin-free crystals were grown 
from a 5 kg charge of InP poly- 
crystals (in a pBN crucible with- 
in a quartz ampoule).This result 
was made possible by having re- 
duced the temperature fluctua- 
tions to below +O.O3”C. Wafers 
cut from the crystal along the 
~110~ direction had an etch pit 
density of under 10 000 cm-* 
with an average of 2100 cm-*, 
which is much lower than typi- 
cal results from LEC methods 
used to prepare 75 mm wafers. 
Japan Energy attributes this suc- 
cess to the low axial temperature 
gradient of below 10°C per cm 
which has so far not been possi- 
ble with LEC methods. 
It should be noted that the 
VGF method was originally de- 
veloped for GaAs and Japan 
Energy has already published re- 
sults from this work. It remains a 
difficult task, however, to apply 
the technique to the growth of 
<loo> oriented InP crystals be- 
cause the material more easily 
twins than GaAs. 
In the past, various materials 
have been used to provide a 
phosphorus overpressure to 
achieve doping, but in Japan 
Energy’s innovative process the 
overpressure material also pro- 
vides the requisite Fe dopant. 
Basically, the anneal process in- 
volves sealing 50 mm semicon- 
ducting LEC InP wafers inside 
an ampoule with red P and Fe 
powder. After high temperature 
annealing (950°C) the wafers 
were found to have become SI 
with resistivity in the 10’ Qcm 
region and mobility around 
4000 cm*V.‘s~‘. These parame- 
ters proved to be uniform not 
only with depth but also from 
wafer to wafer. Moreover, only 
traces of non-Fe impurities were 
found by glow discharge mass 
spectrometry (GDMS). The 
wafers are evidently semicon- 
ducting to start with and yet the 
material becomes SI, while the S 
or Se impurities as shown on 
the GDMS have become very 
small. 
When a small amount of Fe is 
doped at a level which exceeds 
the level of these residual 
donors, the crystals can then be 
made SI. Akin to the company’s 
success in the annealing of GaAs 
wafers, Japan Energy has 
achieved some very useN re- 
sults which will now be devel- 
oped further to enable a 
practical method for routine 
manufdcture of SI InP wafers. 
gy. Valued at $1 million plus fu- 
ture royalties, the deal gave 
SPACEHAB sole and unrestricted 
rights to manage and market the 
WSF space lab to commercial and 
government customers. David A. 
Rossi, SPACEHAB president, hailed 
the agreement with SVEC as mu- 
tually beneficial to both parties. 
SVEC directorAlex Ignatiev says 
the agreement fits with its mission 
to commercialize the technology 
of thin film manufacturing in the 
vacuum of outer space. In addition 
to the epitaxial thin film growth, 
SPACEHAB plans to market the 
WSF to scientists and researchers 
with experiments suited to robotic 
free-flying devices. 
The WSE however, was not the 
first, nor will it be the last, orbital 
microqdvity experiment in crystal 
growth. Back in 1992, NASA’s 
USMP-1 mission carried aloft the 
first flight of the MEPHIS’IY) experi- 
ment which studied sudden micro- 
gravity perturbations on the growth 
of alloys. 
An interesting range of crystal 
growth cxpcriments has also 
been done by the Canadian Space 
Agency (CSA). In Saint-Hubert, the 
CSA watched closely the 2 June 
launch of the Space Shuttle 
‘Discovery’ because Mission 
STS-91 was carrying two space 
science experiments: ACTORS. 
from the Lrniversity of Moncton 
(Moncton, New Brunswick), and 
,MIRROR from the Centre for Cold 
Oceans Resources Engineering 
(C-CORE) at Memorial Universit) 
(St Johns, Newfoundland). 
The purpose of the ACTORS 
(Atlantic Canada Thin Organic 
Semiconductors) experiment is to 
produce more uniform thin films. 
(Canadian scientists will be able to 
compare the thin films produced 
in microgravity with those pro- 
duced on Earth. A better under- 
standing of the Physical Vapour 
Transport process and the role 
gravity has in affecting the 
formation of thin films should 
lead to improved ground-based 
iii;iiiuf;icturing. 
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CSA has also sponsored CAN- 
MET in the successful first growth 
of bismuth germanate (BGO) crys- 
tals in microgravity. BGO is of inter- 
est for its good piezoelectric, 
electrooptic and photoconductive 
properties but must have very good 
optical quality and the CANMET ex- 
periment was set up to assess 
improvements in growth in micro- 
gravity.A float-zone system was inte- 
grated into the SPACEHAB module 
and flown on Shuttle STS77 in May 
1996. It showed that - just as has 
been seen in the terrestrial Japan 
Energy InP experiments - tempera- 
ture gradients are largely responsi- 
ble for growth defects. These have 
been shown to be less significant in 
microgravity so as to permit suc- 
cessful growth for the first time of 
another important optoelectronic 
material in space. Such experi- 
ments, while expensive and exotic, 
contribute significantly to the un- 
derstanding of crystal growth and 
even if they never prove to be com- 
mercially practical, they can help 
terrestrial processes in this regard. ,, 
At the end of June, SPACEHAB 
and Guigne Technologies Ltd of St. 
John’s, Canada, began a joint 
venture to develop and mar- 
ket a revolutionary microgravity 
processing facility to be operated 
onboard the Space Shuttle and the 
International Space Station. The 
deal is based on Space-DRUMS 
(Dynamically RespondingUltrasonic 
Matrix System), a small and highly 
sophisticated furnace that can melt 
solid materials, process them and re- 
trieve the resulting solid compound 
- all with the materials suspended 
in weightlessness using sound 
waves and never touching a con- 
tainer. Known as ‘containerless pro- 
cessing’, this method avoids 
contaminants and physical defects, 
enabling large samples to be posi- 
tioned in stable microgravity envi- 
ronments like the Space Shuttle and 
the International Space Station. 
Space Shuttle mission STS-95, 
scheduled for October 1998, fea- 
tures SPACEHAB’s Single Research 
Module as the primary payload. 
Profitable futures? 
From the ground up, crystal growth 
will remain a key force in the devel- 
opment of new and novel devices - 
as well as the improvement of pre- 
sent ones.The contribution of het- 
eroepitaxial processes will also be 
important, but it is likely that such 
examples as GaNon-sapphire, for all 
their achievements, may eventually 
go the way of GaAs-on-Si. But the 
timing crucially depends on the 
success of a handful of crystal grow- 
ers. It will only happen when their 
commercial products have been 
tried, tested and approved. The big 
question for everyone, however, is 
whether the crystal growers will 
ever be allowed to make a decent 
profit from all their hard work.This 
tenet applies equally to all crystals 
from silicon to GaN. 
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